Nerve growth factor (NGF) is a potent neurotrophic factor originally identified by its ability to promote the survival of sensory and sympathetic neurons during development. The natural protein is composed of two ␣ and two ␤ subunits, but the ␤ subunit, synthesized as a precursor, is proteolytically cleaved to yield the mature polypeptide (22, 97), which has full biological activity residing in a dimerized carboxy-terminal 118-amino-acid peptide (13, 22, 98) . In addition to promoting survival during development, NGF has been shown to induce the differentiation of neuronal precursor cells, accelerate the sprouting of neurites, increase the survival of cholinergic neurons of the septohippocampal pathway following axotomy, and promote the survival of sensory and sympathetic neurons following a variety of insults including treatment with calcium ionophores, suramin, hydrogen peroxide, and excitatory amino acids (42, 44, 55, 59, 60, 111, 120) .
Nerve growth factor (NGF) is a potent neurotrophic factor originally identified by its ability to promote the survival of sensory and sympathetic neurons during development. The natural protein is composed of two ␣ and two ␤ subunits, but the ␤ subunit, synthesized as a precursor, is proteolytically cleaved to yield the mature polypeptide (22, 97) , which has full biological activity residing in a dimerized carboxy-terminal 118-amino-acid peptide (13, 22, 98) . In addition to promoting survival during development, NGF has been shown to induce the differentiation of neuronal precursor cells, accelerate the sprouting of neurites, increase the survival of cholinergic neurons of the septohippocampal pathway following axotomy, and promote the survival of sensory and sympathetic neurons following a variety of insults including treatment with calcium ionophores, suramin, hydrogen peroxide, and excitatory amino acids (42, 44, 55, 59, 60, 111, 120) .
The neuroprotective effects of NGF suggest its potential utility for treatment of neurodegenerative diseases of the central nervous system (CNS) such as Alzheimer's disease, and Parkinson's disease, stroke, and peripheral nervous system (PNS) disorders (2, 7, 12, 32, 45, 54, 76, 95, 104) . However, administration of ␤-NGF protein is limited by its short halflife, lack of bioavailability following oral administration (54) , and undesirable side effects acruing from systemic delivery (9, 94, 110) . In addition, the blood-brain barrier prevents NGF from reaching the brain parenchyma (43) . This last problem can be partially circumvented through the use of anti-transferrin receptor antibody-conjugated ␤-NGF to promote delivery to the CNS in levels sufficient to enhance the survival of septal implants and to rescue cholinergic interneurons in the striatum following quinolinic acid-induced lesion formation (28, 37, 53) , but these conjugates are difficult to synthesize and may be immunogenic.
Gene transfer has obvious advantages for the delivery of trophic factors such as NGF. An ex vivo approach involving transplantation of cells transduced with a ␤-NGF-expressing retrovirus has been demonstrated to be effective in transiently rescuing neurons from physical or chemical lesions (29, 31, 54, 62, 69, 79, 84, 85, 92, 99, 114, 115) . The development of vectors for the treatment of chronic neurodegenerative conditions has generally been impeded by the limited time course of transgene expression. With most combinations of vectors and promoter elements tested, expression is maximal shortly after transfection and declines by 1 order of magnitude or more over a few weeks to months. Direct gene transfer to the brain has also encountered difficulties in either efficient infection or lack of target cell specificity, an important issue for this complex organ.
Many features of the natural biology of herpes simplex virus type 1 (HSV-1) support its development as a vector to deliver and express neurotropins in the nervous system. The HSV-1 genome is large (152 kb), and the deletion of toxic gene functions not only substantially reduces the cytotoxic nature of the vector (66, 86, 88, 128) but also can provide ample space (Ͼ40 kb) in which to insert one or more gene expression cassettes. Of its 84 genes, approximately half may be individually deleted without preventing virus replication in vitro (83) , although elimination of some of these genes can reduce virus production by 10-to 100-fold. Deletion of the essential genes prevents virus replication without complementation, and deletion of multiple immediate-early (IE) genes in various combinations can reduce or eliminate virus cytotoxicity (17, 57, 66, 87, 88, 128) . HSV-1 efficiently infects neurons, where lytic gene expression can be curtailed, and a lifelong latent state can be established (107) . The latent viral genome persists in the nucleus as an episome bound by nucleosomes (18, 23, 73, 82) . The virus possesses a natural promoter system which remains active during latency (16, 103, 108) , producing a family of nonpolyadenylated latency-associated transcripts (LATs). Two latencyactive promoter (LAP) elements (LAP1 and LAP2) that may be used to express transgenes within cells of the nervous system (11, 21, 36, 64, 126) have been identified (5, 11, 21, 36, 75) . LAP1 is primarily responsible for LAT expression during latency in animal models, while LAP2 is primarily responsible for LAT expression during lytic infection in cell culture (11, 21, 75) . Nevertheless, LAP2 has been shown to function independently in expressing a reporter gene during latency, demonstrating that this promoter is functionally active in an otherwise quiescent viral genome (36) . Although wild-type HSV can reactivate from latency to cause clinical disease, virus mutants that fail to reactivate have been identified, and even highly defective viruses can be maintained in neurons in a latent state where the LAT promoter system remains active (24) . The ability of HSV to provide a platform for transgene expression from the nervous system suggests its utility for gene therapy applications involving neurons of the CNS and PNS.
To test the potential utility of a genomic HSV vector to support prolonged expression of a biologically active transgene product in the PNS, we constructed replication-conditional and replication-defective genomic HSV-1-based vectors carrying the gene encoding murine ␤-NGF. Studies carried out in vitro and in vivo demonstrated that vectors containing expression cassettes with the strong human cytomegalovirus immediate-early promoter (HCMV IEp) (109, 112) driving the transcription of ␤-NGF achieved transient high-level bioactive NGF production that promoted neurite growth and protected neurons in vitro from the cytotoxic effects of hydrogen peroxide. Conversely, vectors utilizing the HSV-1 LAP2 to express NGF resulted in delayed but high-level protective NGF expression in vitro and similar kinetics during viral latency in vivo. These results suggest that LAP2 is promising for the achievement of long-term expression of biologically active transgenes in the PNS.
MATERIALS AND METHODS

Cells.
African green monkey kidney (Vero) cells (ATCC CCL-81) and the ICP4-complementing cell line derivative of Vero cells, E5 (17) , as well as mouse N2A neuroblastoma (ATCC CCL-131), rat B103 neuroma (105) , and rat 9L glioma (118) cells, were maintained in Dulbecco's modified Eagle's medium (DMEM) (containing 4.5 g of glucose per liter; Life Technologies, Inc., Gaithersburg, Md.) supplemented with fetal bovine serum (10% final concentration; Life Technologies, Inc.), L-glutamine (2 mM; Life Technologies, Inc.), and penicillin-streptomycin (100 U/ml and 100 g/ml, respectively; Life Technologies, Inc.). Dorsal root ganglia (DRG) were prepared by following established protocols (50, 52, 122, 123) . Briefly, DRG were isolated from day 16 embryos and dissociated for 1 h in Leibowitz-15 medium (L-15; 10% fetal bovine serum [FBS], 20,000 U of penicillin and streptomycin [Life Technologies, Inc.]) plus 3 mg of collagenase A (Boehringer-Mannheim, Indianapolis, Ind.) per ml. After being washed four times in fresh L-15-10% FBS and triturated 10 to 20 times with a fire-polished narrow-bore Pasteur pipette (0.5 to 1 mm), the cells were plated on rat tail collagen-coated 12-well plates or 8-well slides (Falcon/Becton Dickinson, Franklin Lakes, N.J.) and maintained in medium (DMEM high glucose plus sodium pyruvate; Life Technologies, Inc.) supplemented with 10% FBS, 100 g of NGF (Harlan Bioproducts, Indianapolis, Ind.) per ml, plus 10 M uridine (Sigma) and 10 M fluorodeoxyuridine (Sigma) (added to inhibit the growth of nonneuronal cells). Nondissociated DRG cultures were established from individual DRG isolated from the day 16 rat embryos as described above; however, they were not treated with collagenase or triturated before being plated.
Viruses. Two different thymidine kinase (tk) mutants of HSV-1 and a recombinant with a mutation in the Us3 protein kinase gene were used to construct the ␤-NGF gene transfer vectors. A plasmid containing the HSV-1 KOS BamHI P fragment with a P1 phage lox recombination site in the coding sequence of the tk gene at the unique SnaBI site had previously been recombined into both wild-type KOS and the ICP4 Ϫ d120 HSV to yield Klox and Slox, respectively ( Fig. 1A and E) (74, 81) . The ICP4 deletion virus (d120) and the complementing cell line E5 were kindly provided by Neal DeLuca (University of Pittsburgh) (17) . Insertion of the lox site rendered tk nonfunctional, enabling selection and purification of the recombinant viruses in the presence of 100 g of thymine-␤-Darabinofuranoside (ara-T) per ml (Sigma). The HSV-1 KOS BamHI N fragment with a lox site inserted into Us3 at the PstI-SalI (ϩ466 to ϩ539) sites (pUs3::lox) was recombined into the genome of the Us3::pgC-lacZ virus (26, 117) so as to eliminate the lacZ expression cassette, enabling the purification of the Ulox recombinant (Fig. 1I ) through the identification of clear plaques (81) .
Three promoterless control viruses containing only the murine ␤-NGF cDNA were created by using the lox recombinant viruses. A lox-containing plasmid (pNGF-lox) with the ␤-NGF cDNA (kindly provided by William Rutter, Chiron) (93) present in a 959-bp SmaI-PstI fragment fused to the simian virus 40 (SV40) late poly(A) (671-bp PstI-BamHI fragment) was inserted into the lox viruses Klox, Slox, and Ulox (Fig. 1A , E, and I) by Cre-lox recombination to produce the NGF expression vectors KN, SN, and UN (Fig. 1B, F , and J), respectively. pNGF-lox also contained the HSV-1 glycoprotein C late-gene promoter driving lacZ, which allowed identification of positive recombinants by 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (X-Gal) staining (26, 35, 81) . In KN, NGF is parallel to tk, while in the d120 backbone (SN), NGF is antiparallel to tk. For test viruses, the HCMV IEp (Ϫ760 to ϩ3) (109, 112) , present on a 874-bp ClaI fragment, was inserted into pNGF-lox at a unique SalI site upstream of the ␤-NGF cDNA and the resulting plasmid was recombined into the replicationcompetent and -defective viral backbones ( Fig. 1A and D) to yield the KHN and SHN expression vectors ( Fig. 1C and G) . A 641-bp PstI-BamHI fragment (Ϫ597 to ϩ42) containing the LAP2 promoter (36) was made blunt with Klenow fragment, cloned into the unique SalI site of the lox plasmid containing the murine ␤-NGF cDNA (pNGF-lox), and recombined into the three mutant viral backbones Klox, Slox, and Ulox (Fig. 1A , E, and I) by Cre-lox recombination to create the KLN, SLN, and ULN (Fig. 1D , H, and K) expression vectors, respectively. Positive-staining isolates were further purified through three rounds of limiting dilution (35) , and the presence of the recombinant expression cassette was confirmed by Southern blot (102) analysis.
In vitro analysis of transgene expression. Vero, E5 (17), N2A mouse neuroblastoma, B103 rat neuroma, or 9L rat glioma cells were either mock infected or infected at a multiplicity of infection (MOI) of 10 with Klox, Slox, KN, SN, KHN, and SHN. At 2, 6, and 16 h postinfection (p.i.), cell culture supernatants were collected and centrifuged at 48,400 ϫ g to remove cells and virus. A sample of clarified supernatant was used to measure NGF protein by enzyme-linked immunosorbent assay (ELISA), while the remainder was placed on PC-12 cells to determine bioactivity. The remaining adherent cells were used to isolate total cell RNA or for immunocytochemical analysis.
RNA analysis. Total-cell RNA was isolated by the RNAzol B method (Biotecx, Houston, Tex.). RNA (10 g) was fractionated on 1.5% agarose-2.2 M formaldehyde gels and blotted onto Nytran membrane (Schleicher & Schuell, Keene, N.H.). The blotted membrane was briefly rinsed with 5ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate), UV cross-linked using the Stratalinker UV cross-linker (Stratagene, La Jolla, Calif.), prehybridized in 50% formamide (Life Technologies, Inc.)-5ϫ Denhardt's reagent-5ϫ SSC-0.1% sodium dodecyl sulfate (SDS)-100 g of denatured salmon sperm DNA per ml-100 g of denatured tRNA (Sigma) per ml at 42°C for 2 h, and hybridized overnight at 42°C. An 803-bp StyI DNA probe containing the NGF coding sequence and the SV40 polyadenylation site was random primer labeled (Boehringer Mannheim) by [␣-
32 P]dCTP (3,000 Ci/mmol; DuPont-NEN, Wilmington, Del.) incorporation. The blots were washed at room temperature with 2ϫ SSC-0.1% SDS three times for 15 min each and then once at 50°C with 0.2ϫ SSC-0.05% SDS for 5 min. X-ray film (XAR5; Kodak, Rochester, N.Y.) was exposed to the blots for various times at Ϫ80°C with intensifying screens.
Immunohistochemistry. The cells were fixed with 4% paraformaldehyde (Sigma) for 15 min, washed three times with 1ϫ phosphate-buffered saline (PBS), and blocked with 20% horse serum (Life Technologies, Inc.) in 1ϫ PBS for 1 h at room temperature. Primary rabbit anti-␤-NGF polyclonal antibody (Chemichon Int., Inc., Temecula, Calif.) diluted 1:5,000 in 2ϫ PBS-0.3% Triton X-100 (Sigma) containing 0.02% sodium azide was added, and the plates were incubated at room temperature for 24 h and washed three times with 1ϫ PBS-0.1% Tween (Sigma) for 15 min at room temperature. Goat anti-rabbit immunoglobulin G secondary antibody (Sigma) diluted 1:10,000 in 2ϫ PBS-0.3% Triton X-100 (Sigma) containing 0.02% sodium azide was added, and the plates were incubated for 2 h at room temperature followed by another three washes with 1ϫ PBS-0.1% Tween. The reaction product was detected with the VECTASTAIN ABC Elite kit (Vector Labs, Burlingame, Calif.) as specified by the manufacturer.
ELISA. Medium from infected cell cultures was centrifuged at 48,400 ϫ g to remove cell debris and virus, and the supernatant was assayed in triplicate for ␤-NGF. Tissue samples were sonicated on ice in 10 volumes of extraction buffer (0.1 M Tris-HCl, 0.4 M NaCl, 2% albumin, 0.05 M sodium azide, 0.0001 M phenylmethylsulfonyl fluoride, 0.001 M aprotinin, 0.004 M EDTA [pH 7.0]) and centrifuged at 17,000 ϫ g at 4°C for 60 min, and 100-l samples were assayed in triplicate. Polystyrene microtiter plates (MicroWell; Nunc Inc., Naperville, Ill.) coated at 100 l/well with 50 mM sodium carbonate-bicarbonate buffer (pH 9.6) containing 0.5 g of mouse anti-NGF monoclonal antibody (Boehringer Mannheim) per ml were incubated for 2 h at 37°C and washed three times with 50 mM Tris-HCl-200 mM NaCl-10 mM CaCl 2 -0.1% Triton X-100-0.1% sodium azide (pH 7.0), and NGF standards (0.031 to 1.0 ng/ml) and samples were added. After incubation overnight at 4°C, the plates were washed three times with the same buffer, an anti-NGF monoclonal antibody conjugated to ␤-galactosidase (4 U/ml) was added (100 l/well, at a 1:30 dilution in 50 mM Tris-HCl-200 mM NaCl-10 mM CaCl 2 -1% albumin-0.1% Triton X-100-0.1% sodium azide [pH 7.0]), and the plates were incubated for 4 h at 37°C. After three washes with buffer, 200 l of substrate solution (2 mg of chlorophenol red-␤-D-galactopyranoside [CPRG] in 100 mM HEPES-150 mM NaCl-2 mM MgCl 2 -0.1% sodium azide-1% albumin [pH 7.0]) was added to each well; the plates were incubated for 60 min at 37°C and then read at 570 nm on an MR700 microplate reader (Dynatech Laboratories, Chantilly, Va.) at 15-min intervals. The total protein concentration for the tissue samples was determined using the Bio-Rad protein assay (Bio-Rad Laboratories, Hercules, Calif.) by the method of Lowry et al. (65) , and all values of NGF levels in tissue were expressed as nanograms per milligram of protein.
PC-12 bioassay. PC-12 cells grown in DMEM supplemented with horse serum (10% final concentration), fetal bovine serum (5% final concentration), L-glutamine (2 mM), and penicillin-streptomycin (100 U/ml and 100 g/ml, respectively) covered with freshly prepared rat tail collagen were used to assess bioactivity (39) . At 48 h after replacement of the culture medium with the test medium or supernatant, neurite formation in PC-12 cells was assessed and photographed with a Diaphot (Nikon Inc., Melville, N.Y.) inverted microscope. As a positive control, DMEM containing 50 ng of purified mouse ␤-NGF (2.5S; Sigma) per ml was added to the PC-12 cultures.
Infection of primary DRG cultures. For infection with the replication-conditional viruses, the primary DRG cultures were treated with 100 M acyloguanosine (ACV) (Sigma) for 24 h and then infected with 5 ϫ 10 4 PFU of virus in a total volume of 200 l/well. The ACV treatment was continued for 7 days. ACV treatment was not required for the replication-defective vectors. NGF (100 ng/ml) was present in the media up to the time of infection but was not present following infection for both replication-conditional and -defective vectors.
Immunofluorescence detection of vector-mediated ␤-NGF. Dissociated primary DRG cultures were fixed in 100% cold methanol for 2 min, air dried, washed once with 1ϫ PBS, and incubated for 1 h in 1ϫ PBS-horse serum (10% final concentration). After being rinsed in 1ϫ PBS, the cultures were incubated with anti-NGF polyclonal serum (1:2,000; Chemichon) in 1ϫ PBS-1% horse serum for 2 h, rinsed three times with 1ϫ PBS, and incubated in biotin-labeled goat anti-rabbit secondary antibody (1:250; Sigma) in 1ϫ PBS/1% horse serum for 1 h. Following three washes in 1ϫ PBS, the samples were incubated with extra-avidin-fluorescein isothiocyanate (FITC) (1:500, Sigma) for 1 h, washed three times in 1ϫ PBS for 10 min, and photographed with a Diaphot inverted microscope.
Hydrogen peroxide treatment of vector-infected primary DRG cultures. Nondissociated primary DRG neuronal cultures isolated from E16 rat embryos were infected at a MOI of 10 with SHN, SLN, or the SN control viruses. Cultures were maintained in growth medium without NGF, except for the mock-infected control, which was supplemented with 100 g of NGF per ml. At 3 or 14 days p.i., the cells were placed for 30 min in serum-free medium containing 1 mM hydrogen peroxide. After the peroxide treatment, the cells were washed extensively with normal medium, returned to normal medium plus serum for 24 to 72 h, and fixed with 100% cold methanol, and immunofluorescence was performed with either an NGF-specific polyclonal primary antibody (Chemichon) or a neurofilament (NF)-specific monoclonal primary antibody (Boehringer Mannheim) as above. NGF was detected with a biotin-conjugated goat anti-rabbit secondary antibody and extra-avidin-conjugated FITC as described above, while NF was detected with a Cy3-conjugated sheep anti-mouse secondary antibody (1:250; Sigma). Neutral red-stained samples were examined microscopically for the toxic effects of peroxide-induced neurite degeneration by determining the number of processes exceeding 0.25 mm in length.
In situ determination of apoptosis in hydrogen peroxide-treated, vector-infected primary DRG cultures. Vector-or mock-infected peroxide-treated primary DRG cultures were examined for the number of apoptotic neuronal cell nuclei by terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL) analysis with the fluorescein in situ death detection kit (Boehringer Mannheim). The cultures were fixed for 30 min in 4% paraformaldehyde and washed once in 1ϫ PBS, and the cells and nuclei were permeabilized in 0.1% Triton X-100 (Boehringer Mannheim)-0.1% sodium citrate for 2 min on ice. Following two washes with 1ϫ PBS, 50 l of TUNEL reaction mixture was added to each well and the plates were incubated for 1 h at 37°C in a humidified chamber stored in the dark. The samples were then washed extensively (five times with 1ϫ PBS), and the number of apoptotic nuclei per whole ganglion was counted under a Diaphot inverted microscope equipped with a fluorescent light source and filters for FITC. Wild-type KOS virus and the ICP4 deletion mutant d120 (17) each were engineered to contain a lox recombination site inserted into the tk structural gene (74, 81) so as to disrupt the synthesis of functional tk to produce Klox and Slox, respectively (A and E). A lox site was also inserted into the Us3 recombinant (26) , disrupting Us3 and eliminating the lacZ expression cassette present within the Us3::pgC-lacZ virus to create Ulox (I). A lox-containing plasmid, constructed with the murine ␤-NGF cDNA lacking a promoter and the lacZ gene cassette under the control of the HSV-1 glycoprotein C promoter (gCp), was recombined by using the site-specific P1 phage recombinase Cre into each backbone to yield three ␤-NGF containing control viruses, KN (B), SN (F), and UN (J). Since these recombinants lack a promoter upstream of the ␤-NGF cDNA, they should act as NGF expression controls. The HCMV IEp was cloned into the lox plasmid immediately upstream the murine ␤-NGF cDNA to achieve high levels of expression. This promoter-containing plasmid was recombined into the viral backbones by Cre-lox recombination to create the expression vectors KHN (C) and SHN (G). The sequences comprising the LAP2 promoter (Ϫ597 to ϩ42) were cloned into the lox plasmid containing the murine ␤-NGF cDNA in an attempt to achieve long-term expression. This promoter-containing plasmid was recombined into three mutant viral backbones by Cre-lox recombination to create the expression vectors KLN (D), SLN (H), and ULN (K).
Enzyme assays for catalase, SOD, and GSH-Px in hydrogen peroxide-treated vector-infected primary DRG cultures. The levels of cellular enzymes involved in antioxidant injury were determined on cell lysates from either mock-infected (ϩ100 g of NGF per ml) or vector-infected primary DRG cultures following hydrogen peroxide treatment. Superoxide dismutase (SOD) and glutathione peroxidase (GSH-Px) activities were measured with the superoxide dismutase and cellular glutathione peroxidase assay kits (Calbiochem, San Diego, Calif.) under the conditions specified by the supplier. Catalase activity was determined by the assay procedure of Jackson et al. (47, 49 ) and compared to a calibration curve determined with mouse liver catalase (Sigma) as a standard. All enzymatic assays were performed in triplicate, and the numbers represent the mean of two experiments (n ϭ 4).
In vivo analysis of HSV-1 vector-mediated NGF expression. Female SwissWebster mice (6 weeks old; Harlan Sprague Dawley, Indianapolis, Ind.) were anesthetized with Metofane (Pitman-Moore, Mundelein, Ill.) and infected with 5 ϫ 10 6 PFU of the various vectors following corneal scarification of both eyes. At the times p.i. corresponding to the lytic (3 days) and latent (28 days) states, the animals were sacrificed, the trigeminal ganglia (TG) were removed by microdissection, and samples from three animals were pooled and assayed in triplicate in an antigen capture ELISA for the presence of ␤-NGF. Separate TG samples were embedded in Cryo-Gel (Instrumedics, Inc., Hackensack, N.J.) and snap-frozen in dry ice-acetone, and 10-m sections fixed in ice-cold acetone for 2 min were examined by immunocytochemistry with an anti-NGF polyclonal antiserum (1/2,000; Chemichon). NGF was detected with a biotin-conjugated goat anti-rabbit secondary antibody (1/250: Sigma) and extra-avidin-conjugated Cy3 (1/500: Sigma) as described above.
RESULTS
HSV-1 vector ␤-NGF transcription and protein production in vitro. We constructed both replication-competent and -defective HSV-1 vectors expressing ␤-NGF (Fig. 1) . The replication-competent vectors had either the tk (Fig. 1A to D) or Us3 (Fig. 1I to K) accessory genes deleted. The replication-defective vectors, with both tk and the essential IE gene ICP4 (Fig.  1E to H) deleted, were propagated on ICP4-complementing E5 cells (17) . The recombinants contained ␤-NGF cDNA driven by either the strong HCMV IEp (Fig. 1C and G) or the HSV-1 LAP2 (Fig. 1H and K) .
The HCMV IEp-NGF vector KHN produced NGF-specific mRNA after Northern blot analyses of RNA collected from infected cells with an NGF-specific probe; no signal was observed at 2 h after infection with either KHN or KN (Fig. 2A,  lanes 1 and 2) , but by 6 h p.i. a 1.8-kb ␤-NGF-specific mRNA was found in KHN-infected cells, along with a larger, 3.1-kb ␤-NGF-specific RNA (lane 3). The 3.1-kb mRNA represents a readthrough mRNA using the tk polyadenylation and cleavage signal (data not shown). The promoterless recombinant, KN, did not produce an NGF-specific mRNA (lane 4), but both viruses expressed low levels of lacZ mRNA (3.8 kb) at 6 h p.i., which was also detected on this blot because the gCp-lacZ cassette contained the SV40 poly(A) signal present within the NGF probe.
Infection with the replication-defective SHN vector produced no detectable ␤-NGF transcript at 2 and 6 h p.i. (data not shown), but by 16 h p.i. a single band of 1.8 kb was observed in infected Vero and E5 cells (Fig. 2B, lanes 4 and 8) , while the promoterless construct (SN) failed to express a ␤-NGF specific RNA (lanes 3 and 7) . The amount of ␤-NGF RNA produced from infected E5 cells compared to infected Vero cells reflects the increased number of templates resulting from replication of viral DNA in the complementing cell line. Expression of NGF-specific mRNA was not dependent on viral replication since a similar band was detected in infected noncomplementing Vero cells.
NGF was also detected by immunocytochemistry after infection of Vero cells at an MOI of 10. The replication-defective SHN vector expressed high levels of ␤-NGF product in most cells within the population (Fig. 3B) , although the amount of NGF per cell varied substantially. Mock-infected cells (Fig.  3A) or cells infected with the promoterless vectors (SN and KN) failed to show expression of the transgene product. These results corroborated the Northern blot analysis of RNA expression (Fig. 2) .
Antigen capture ELISA confirmed that ␤-NGF was secreted from the vector-transduced cells. Little ␤-NGF protein was detected at 2 and 6 h p.i. (data not shown), but 33.42 ng of ␤-NGF per ml was produced by KHN-infected Vero cells by 16 h p.i. (Fig. 4A) , 79 .09 ng of ␤-NGF per ml was produced by SHN-infected from ICP4-complementing E5 (17) cells (Fig. 4B) , and 10.83 ng/ml was produced by SHN-infected Vero cells. The lower level of NGF produced by SHN infection of Vero cells was in agreement with the level of NGF-specific mRNA detected by Northern blot analysis (Fig. 2B) . The pro- moterless recombinants failed to express NGF. Infection of rat neuroma (B103) and glioma (9L) cell lines with the SHN replication-defective vector resulted in the release of substantially more NGF into the medium (352.86 and 119.22 ng/ml, respectively). A similar pattern of NGF expression was detected in KHN-infected cells (data not shown). The amount of ␤-NGF mRNA detected in these cells was not appreciably greater than that found in SHN-infected Vero cells (data not shown), suggesting that enhanced release of the synthesized peptide occurred in these cell lines.
Bioactivity of vector-produced ␤-NGF.
The biological activity of vector-mediated NGF production was assayed on PC-12 cells, which differentiate, sprout neurites, and assume a neuronal morphology in response to NGF (38) (39) (40) . In agreement with the kinetics of NGF detection by ELISA, supernatants collected from KHN-infected or SHN-infected Vero cells at 16 h p.i. (Fig. 5D and F ), but not 6 h p.i. (data not shown respectively), induced elaborate neurite formation. Supernatants from the KN-infected and SN-infected expression control vectors failed to induce neurite formation ( Fig. 5C and E) . 
HSV-1 vector-mediated NGF expression during in vitro latency.
To assay the ability of the vectors to express NGF from the latent viral genome, we used an in vitro latency model established by Wilcox and Johnson (122, 123) . Dissociated primary DRG cultures were infected with the various NGF expression vectors. Replication-conditional vector-infected DRG cultures were maintained in the presence of ACV for the first 7 days following infection, after which time ACV was removed and the medium was replaced every 2 days. At 3 and 14 days p.i., the cultures were fixed and NGF expression was determined by immunocytochemistry. KHN and SHN recombinants expressed high levels of NGF at 3 days p.i. in primary DRG cultures ( Fig. 6A and B) , in agreement with the results obtained following infection of Vero or E5 cells. By 14 days p.i., however, the amount of NGF produced was much lower and detectable in many fewer cells (Fig. 6E and F) . In contrast, the ULN recombinant, in which LAP2 drives NGF expression, produced barely detectable amounts of NGF at 3 days p.i. (Fig.  6C ), but high levels of NGF were detected at 14 days p.i. (Fig.  6G) . The replication-defective recombinant SLN (Fig. 6D and H) displayed a similar expression pattern to ULN, although LAP2 appeared more active in expressing NGF at 3 days p.i. than did the same promoter in the Us3 locus in ULN. The promoterless vectors (SN and UN) failed to synthesize any immunodetectable product at either time point (data not shown), in agreement with the previous assays of NGF production for these control vectors.
HSV-1 vector-mediated NGF expression protects DRG neurons from hydrogen peroxide-induced toxicity in culture. Hydrogen peroxide has previously been shown to induce apoptosis in PC-12 (47, 49, 51, 68, 89, 90) and neuroblastoma (70) cell lines through the production of reactive oxygen species. The ability of our NGF expression vectors to protect neurons from hydrogen peroxide excitotoxicity was evaluated in the primary DRG model. In these experiments, the replication-defective ICP4 Ϫ mutant virus recombinants were used due to their reduced toxicity compared with the replication-competent KOS vectors. SHN, SLN, or SN vector-infected (MOI ϭ 10) or mock-infected, NGF-supplemented (100 g/ml) nondissociated primary DRG cultures were treated with 1 mM hydrogen peroxide for 30 min at either 3 or 14 days p.i. At 48 h posttreatment, the cultures were fixed with methanol and stained with neutral red or examined by immunocytochemistry with anti-NF antibody. The number of intact processes exceeding 0.25 mm in length per ganglion was used to quantitate the toxic effect of peroxide treatment, which is readily observable in nondissociated cultures. Infection with the HCMV IEp-NGF vector (SHN) resulted in an increased number of intact processes at 3 days (57.7 Ϯ 4.2) compared to infection by the SN control vector (12.5 Ϯ 2.5); the effect was similar to that observed with mock-infected NGF supplemented cultures (60.2 Ϯ 5.7) (Fig. 7A) . The vector expressing NGF from the viral latency promoter (SLN) did not protect DRG neurites from the toxic effects of hydrogen peroxide insult at 3 days p.i. (Fig. 7B) . However, the SHN vector failed to promote survival of the neuronal processes at 14 days (18.7 Ϯ 7.3), in contrast to the mock-infected NGF-supplemented control (59.2 Ϯ 7.6). Both NGF and NF were detected in SLNinfected primary DRG cultures at 14 days p.i. (Fig. 8) , with extensive NF expression being detected in the DRG processes. Even after hydrogen peroxide treatment (1 mM for 30 min), both markers were visualized in the DRG neurons (Fig. 8) , although the levels were decreased in degenerating neurites. Similar results were obtained in SHN vector-infected DRG cultures at 3 days p.i. or mock-infected NGF supplemented cultures at either 3 or 14 days p.i. (data not shown).
We examined nondissociated, vector-infected, peroxidetreated DRG cultures for the number of apoptotic neuronal cell nuclei per whole ganglion by TUNEL analysis with the fluorescein in situ death detection kit. The HCMV IEp-NGF vector (SHN) protected the peroxide-treated DRG neurons from apoptosis at 3 days (35 Ϯ 2 apoptotic nuclei/ganglion) compared to control vector-infected cells (142 Ϯ 11 apoptotic nuclei/ganglion) or the SLN vector-infected cells (100 Ϯ 6 apoptotic nuclei/ganglion), at levels similar to that observed in mock-infected neurons supplemented with NGF (24 Ϯ 3 apoptotic nuclei/ganglion) (Fig. 9A) . NGF expressed from the LAP2 vector (SLN) inhibited peroxide-induced DRG cell death at 14 days (34 Ϯ 7 apoptotic nuclei/ganglion) compared to the control (SN) vector (204 Ϯ 6 apoptotic nuclei/ganglion) (Fig. 9B) . The level of protection achieved with the LAP2-NGF vector (SLN) was similar to that observed in the mockinfected, NGF-supplemented controls (31 Ϯ 6 apoptotic nuclei/ganglion). The SHN vector displayed an intermediate level of protection (89 Ϯ 5 apoptotic nuclei/ganglion), which may correlate with the low-level activity of the HCMV IEp observed in the DRG neuronal cultures at 14 days p.i. (Fig. 6E  and F) .
A number of antioxidant enzymes such as catalase, SOD, GSH-Px, and glutathione reductase (GSH-R), are generated in response to reactive oxygen species, and NGF has been shown to increase the levels of some or all of these enzymes in PC-12 cells (47-49, 51, 89, 90) . We analyzed the levels of cellular enzymes involved in antioxidant injury from cell lysates of either mock-infected or vector-infected nondissociated primary DRG neuronal cultures following hydrogen peroxide treatment. SOD and GSH-Px activities were measured with the superoxide dismutase and cellular glutathione peroxidase assay kits, and catalase activity was determined by the assay procedure of Jackson et al. (47, 49) . Expression of NGF from the HCMV IEp vector SHN produced a 12.8-fold increase in SOD and an 8.2-fold increase in catalase compared to the results with the control vector at 3 days p.i.; the GSH-Px levels increased only 1.8-fold (Fig. 10A) . These results were similar to those observed in mock-infected, NGF-supplemented cultures at 3 days (SOD, 12.6-fold; catalase, 10.2-fold; GSH-Px, 2.5-fold) (Fig. 10A) . LAP2-driven NGF expression from SLN resulted in only minimal induction of antioxidant enzyme levels at 3 days (SOD, 4.9-fold; catalase, 2.1-fold; GSH-Px, 1.0-fold), in agreement with the level of protection seen from this vector at the same time point (Fig. 7A and 9A ) and the activity of LAP2 at this time point (Fig. 6C and D) . LAP2-driven NGF expression resulted in an 8.1-fold induction of SOD and a 6.1-fold induction of catalase compared to that in the control vector-infected DRG neurons at 14 days (Fig. 10B) and was similar to that found in the NGF-supplemented controls (SOD, 11.3-fold; catalase, 8.7-fold). The levels of GSH-Px enzyme activity did not increase in either vector-infected or mockinfected NGF-supplemented cultures at 14 days in response to peroxide insult. These results support the notion that HSV vector-mediated NGF expression inhibits apoptosis in DRG neurons at least in part by stimulation of antioxidant enzymes involved in the scavenging of free radicals and other reactive oxygen species. FIG. 7 . HSV-1 vector-mediated ␤-NGF protects primary DRG cultures from peroxide toxicity. Nondissociated primary DRG neuronal cultures isolated from E16 rat embryos were either mock infected or infected with SN, SHN, or SLN (MOI ϭ 10). At 3 (A) and 14 (B) days p.i., wells containing intact DRGs were treated for 30 min with medium containing 1 mM hydrogen peroxide. Then the wells were washed extensively with normal medium and the cultures were placed in normal medium for 24 to 72 h. At this point, the cultures were fixed with 100% methanol, stained with neutral red, and examined microscopically for the toxic effects of peroxide-induced degeneration. The number of processes exceeding 0.25 mm in length per ganglion was determined, and the graphed data represent the mean and standard error of the mean of two experiments (n ϭ 4 to 8). The SHN vector-mediated NGF protected the peroxide-treated DRG axonal processes at 3 days p.i. compared to the SN control vector ‫,ء(‬ P Ͻ 0.001 by Student's t test). SLN vector-mediated NGF protected the peroxide-treated DRG axonal processes during in vitro latency at 14 days p.i., compared to the SN control vector ‫,ء(‬ P Ͻ 0.001, t test), which failed to express NGF. Some protection was seen in the SHN-infected cultures compared to the SN control ‫,ءء(‬ P Ͻ 0.01, t test); however, the level of neurodegeneration was greater than that observed with SLN ‫,ءءء(‬ P Ͻ 0.005, t test).
HSV-1 vector-mediated NGF expression in mouse PNS in vivo.
The ability of replication-competent HSV-1 vectors to express ␤-NGF was examined in vivo. Mice were infected with the ␤-NGF recombinants by topical corneal scarification. At 3 and 28 days p.i., the TG were removed and the level of ␤-NGF was determined by ELISA. Infection with the HCMV IE-NGF vector (KHN) produced high levels (252 pg/mg) of ␤-NGF in TG at 3 days p.i. (Fig. 11A ), but NGF was barely detectable (3.1 pg/mg) at 28 days p.i., a time consistent with viral latency (Fig. 11B) . This result was consistent with results of previous studies of the HCMV promoter in a variety of HSV-1 vectors (25, 34) . In contrast, infection with the LAP-NGF vectors and KLN resulted in continued levels of NGF in TG at 3 days p.i., but substantial (ULN, 236 pg/mg; KLN, 208 pg/mg) amounts of NGF at 28 days p.i. (Fig. 11B) . As with the in vitro assays, recombinants containing promoterless ␤-NGF cassettes (KN and UN) failed to synthesize measurable levels of ␤-NGF at either 3 days p.i. 
DISCUSSION
The studies presented in this report document that recombinant genomic HSV-1 ␤-NGF expression vectors produced biologically active NGF. In vitro, transgene expression was demonstrated at the level of RNA by Northern blotting and at the level of protein by immunocytochemistry and ELISA. The biological activity of the transgene product was demonstrated by the standard assay of neurite extension in PC-12 cells and by the ability of transduced cells to survive hydrogen peroxide insult measured by neurite survival, prevention of apoptosis, and induction of SOD and catalase activity in primary DRG neurons in culture. The HCMV IEp-NGF expression cassette produced NGF expression in Vero and E5 cells, whether placed in the context of a replication-competent or a replication-defective vector. However, in primary DRG neurons in culture, expression driven by this promoter was high at 3 days but fell to low levels by 14 days. In contrast, the LAP2-NGF expression cassette produced only low levels of NGF expression at 3 days but induced robust transgene expression at 14 days in vitro. The ability of NGF to abrogate peroxide-induced toxicity reflected the same time course as the other measures of NGF synthesis. Similar results were obtained in vivo follow- FIG. 8 . Expression of ␤-NGF from the SLN vector correlates with protection of primary DRG cultures from peroxide toxicity. Nondissociated primary DRG neuronal cultures isolated from E16 rat embryos were either mock infected or infected (MOI ϭ 10) with SLN. At 14 days p.i., wells containing intact DRGs were treated for 30 min with medium containing 1 mM hydrogen peroxide. Following the peroxide treatment, the wells were washed extensively with normal medium and placed in normal medium for 24 to 72 h. At that time, the cultures were fixed with methanol and examined for ␤-NGF expression by immunofluorescence with a rabbit polyclonal antibody specific for the protein (Chemichon) and FITC-labeled goat anti-rabbit secondary antibody and for NF expression with a mouse monoclonal antibody (Promega) and a Cy3-labeled donkey anti-mouse secondary antibody. The ability of these DRG neurons to express NF was determined to assess the viability of the cells during peroxide treatment. SLN vector-mediated NGF expression maintained the integrity of most DRG axonal processes; however, some are beginning to degenerate in the peroxide-treated cultures. Magnification, ϫ200.
ing infection of TG by corneal scarification, where the HCMV IEp-NGF vectors produced NGF at 3 but not 28 days p.i. whereas the LAP2-NGF vectors produced NGF at 28 but not 3 days p.i. The differential time course of expression by these two promoters is consistent with the HCMV promoter functioning during the pre-latent phase (3 days) of infection and LAP2 functioning during latency (28 days).
Release of NGF from infected cells. The amount of NGF produced in vitro by our vectors was comparable to that reported following transduction with retroviral (30, 62, 84, 85, 92, 98, 115) , adenovirus (6), or HSV (33, 116) vectors, although the amount of sprouting induced by exposure to media from HCMV IEp-NGF-infected vector cells was greater than that previously reported with either HSV amplicon (33) or genomic (116) vectors, reflecting the strength of this promoter. Rat neuroma (B103) and glioma (9L) cells infected by SHN released substantially more NGF into the medium than did similarly infected Vero cells, although the amount of ␤-NGFspecific mRNA was similar in all three infected cell lines. Native NGF is secreted in a regulated pathway, by sorting into secretory organelles that are targeted to specific cellular destinations. A family of acidic proteins known as secretogramins act as chaperones to sort proteins into the regulated (as opposed to constitutive) secretory pathway. Two members of the secretogranin family, chromogranin B and secretogranin II, have been shown to affect NGF secretion in AkT-20 neuroendocrine cells (96) . It is likely that these or related secretogranins are responsible for the increased level of secretion in vector-infected 9L and B103 cells, compared to Vero cells.
NGF and HSV. Although NGF is a neurotrophic factor essential for the development and survival of sensory and sympathetic neurons, it has been demonstrated to play a role in HSV latency both in vitro and in vivo. NGF is required to establish and maintain in vitro latency in both PC-12 cells (8) FIG. 9. HSV vector-mediated NGF expression protects primary DRG neuronal cultures from peroxide-induced apoptotic cell death. Nondissociated primary DRG neuronal cultures isolated from E16 rat embryos were either mock infected or infected with SN, SHN, or SLN (MOI ϭ 10). At 3 (A) and 14 (B) days p.i., wells containing intact DRGs were treated for 30 min with medium containing 1 mM hydrogen peroxide. Following the peroxide treatment, the wells were washed extensively with normal medium, and the cultures were placed in normal media for 24 to 72 h. Apoptotic cells were detected by a TUNEL assay with the in situ cell death detection kit. The number of FITC-labeled apoptotic neuronal cell nuclei per ganglion were determined, and the graphed data represent the mean and standard error of the mean of two experiments (n ϭ n to 8). The SHN vector protected the peroxide-treated DRG from entering apoptosis at 3 days compared to the SN control vector ‫,ء(‬ P Ͻ 0.001, Student's t test), similar to that observed in mock-infected neurons supplemented with 100 g of NGF per ml. NGF expressed from the SLN vector blocked peroxide-induced DRG cell death compared to the SN control vector ‫,ء(‬ P Ͻ 0.001, t test), at 14 days. The level of protection achieved with the SLN vector was similar to that observed in the mock-infected, NGF-supplemented controls.
FIG. 10. HSV vector-mediated NGF expression increases the levels of antioxidant enzymes in primary DRG neuronal cultures following peroxide treatment. Dissociated primary DRG neuronal cultures isolated from E16 rat embryos were either mock infected or infected with SN, SHN, or SLN (MOI ϭ 10). At 3 and 14 days p.i., cultures were treated for 30 min with medium containing 1 mM hydrogen peroxide. Following the peroxide treatment, the wells were washed extensively with normal medium, and the cultures were placed in normal medium for 24 to 72 h. Cell lysates harvested from the wells were subjected to enzymatic assays for SOD, catalase, and GSH-Px, as described in Materials and Methods, and the fold increase in enzyme activity (units per milligram of protein) for each antioxidant enzyme with respect to control vector (SN)-infected DRG cultures is plotted. NGF expression from the SHN vector at 3 days or the SLN vector at 14 days resulted in increased levels of SOD and catalase.
or primary DRG or SCG neurons (100, (121) (122) (123) (124) , and disruption of the NGF-TrkA signaling pathway with anti-NGF antibodies results in virus reactivation (100). These antibodies have been shown to have a similar effect in vivo in both mouse (58) and rabbit (46) latency models. We have been not able to determine the effects of vector-mediated NGF expression on maintenance of latency by using our recombinant vectors, since either the replication-defective mutants or the Us3 and tk replication-competent recombinants are incapable of reactivation (15, 26, 56, 72, 117) . Administration of NGF via an Alzat pump to rats receiving stereotactic inoculation of either wildtype HSV (77) or HSV amplicon vector (78) resulted in reduced toxicity from the virus yet did not affect the number of infected neurons. This suggests that NGF may have neuroprotective effects against HSV toxicity, which we have observed in the DRG neuronal culture experiments and are now pursuing in other analyses.
NGF expression has a repressive effect on HSV lytic gene expression in neurons (14) which may in part be due to the upregulation of the Oct-2 transcription factor in DRG neuronal cultures (127) that has been proposed to down-regulate HSV IE gene expression (61, 119) . In contrast, NGF expression has a positive effect on LAT expression in PC-12 cells (27) , and an NGF responsive element has been mapped to a specific region of LAP1. Since our current promoter expression constructs lack LAP1, the potential role of vector-mediated NGF in stimulating its own synthesis has not been explored.
LAP2-driven transgene expression. The most important finding of this study related to the kinetics of transgene expression in neurons by the HCMV IEp and the LAP2 promoters. The most attractive reasons for development of HSV vectors for nervous system applications concerns the ability of the wild-type virus to establish a lifelong latent state in neurons, in which the genome is transcriptionally silent except for the production of a family of LATs. We have previously shown that in vivo the HCMV IEp is only transiently active in neurons of either the CNS or PNS (25, 34) , with expression peaking between 2 and 4 days p.i. A similar time course of expression is found with HSV lytic-cycle gene promoters, other viral promoters, or mammalian promoter elements placed in the HSV genome to drive transgene expression. In contrast, we have previously shown that the LAP2 sequence alone is capable of driving reporter-gene (lacZ) expression in TG neurons in vivo up to 300 days p.i. (36) . This finding is surprising considering that LAP2 can be deleted from the virus genome without substantially compromising LAT expression during latency (11) . Moreover, LAP2 in the absence of LAP1 can express LAT from the native locus but in substantially reduced amounts (11) . In contrast to these observations, LAP1 alone, either in the native LAT loci (21, 67, 126) or replaced ectopically in the HSV gC locus (63), fails to produce prolonged transgene expression, and the reintroduction of LAP2 sequences to the LAP1 transgene cassette restores long-term transgene expression (64) . These findings suggest that LAP1 in the native locus behaves differently and does not require LAP2 sequences. The results of the present study confirm that LAP2 alone, in an ectopic locus, functions effectively to drive transgene expression with a time course consistent with viral latency. This appears to be true whether the virus is capable or incapable of active replication. Delayed but prolonged transgene expression may be useful for therapeutic applications, particularly for diseases of the PNS.
Summary. Together, our results demonstrate that replication-defective genomic HSV vectors are capable of either transient high-level NGF expression or long-term expression in neurons, depending on the promoter used to drive transgene expression. In addition, HSV vector-mediated NGF expression can protect neurons from apoptotic cell death, demonstrating the therapeutic efficacy of these vectors. NGF administration is neuroprotective to peripheral neurons in diabetic neuropathy (1, 2, 19, 45, 113) , cisplatinin-induced neuropathy (3, 41, 91, 125) , diabetic cystopathy (20, 106) , and following sciatic nerve injury (80, 101) . The ability of vector-transduced NGF production to affect neuronal survival in vivo following injury remains to be determined. We are currently testing these vectors in a variety of models of peripheral nerve injury. Although clinical trials with neurotropins (NGF and CNTF) have failed to be effective in preventing neuronal cell loss (4, 10, 71) , the failure involved the inability of the neurotropin to be efficiently delivered to the cells which require it and from the unwanted side effects of expression in cells that are not the target. HSV vectors such as those described in this study could be used to specifically express the neurotropin in the target cells in the PNS for the treatment of peripheral neurodegenerative disease. For some applications, such as neuronal injury resulting from trauma, transient expression of the neurotropin from promoters such as the strong HCMV IEp might be required, but for applications requiring continuous long-term expression, prolonged expression driven by the LAP2 may prove useful.
